Recent reports indicate that genes with tissue-restricted expression, including those encoding the type 1 diabetes autoantigens insulin, glutamic acid decarboxylase (GAD), and the tyrosine-phosphatase-like protein IA-2 (or ICA512), are transcribed in the thymus. The reported modulation of diabetes susceptibility by genetically determined differences in thymic insulin levels and studies in transgenic mice provide correlative and functional evidence that thymic expression of peripheral proteins is crucial for immunological self-tolerance. However, there are no specific data about the existence, tissue distribution, phenotype, and function of those cells that express insulin and other self-antigens in the human thymus. We find that the human thymus harbors specialized cells synthesizing (pro)insulin, GAD, and IA-2, mainly localized in the medulla, and we demonstrate such cells also in peripheral lymphoid organs (spleen and lymph nodes). Phenotypic analysis qualifies these cells as antigen-presenting cells (APCs), including both dendritic cells and macrophages. These cells often appear surrounded by apoptotic lymphocytes, both in thymus and spleen, and may therefore be involved in the deletion of autoreactive lymphocytes. Our findings demonstrate the existence of, and define the tissue distribution and phenotype of, a novel subset of APCs expressing self-antigens in human lymphoid organs that appear to be involved in the regulation of self-tolerance throughout life.
Introduction
Immunological self-tolerance can be defined as a physiological state in which the immune system does not react destructively against the organism that harbors it (1) . Tolerance to self-molecules is established and maintained through complex mechanisms taking place in both thymus (central tolerance) and peripheral lymphoid organs (peripheral tolerance) (2) . Mechanisms of positive and negative selection in the thymus are crucial for the shaping of a self-tolerant T-cell repertoire. Lymphocytes with low to medium affinity to self-peptides are positively selected in the thymic cortex, whereas those with high affinity undergo negative selection (clonal deletion) in the medulla. Negative selection involves those lymphocytes recognizing a self-peptide expressed by a self-HLA molecule on the surface of APCs such as dendritic cells (DCs), macrophages, or thymic epithelial cells, and appears to be mediated by apoptosis (3) (4) (5) (6) (7) (8) .
Lack or loss of tolerance to self-molecules can result in the development of autoimmune disorders. Type 1, insulin-dependent diabetes mellitus (IDDM), is a T cell-mediated disorder resulting in the destruction of pancreatic β cells (9) . Common autoimmune targets in IDDM include molecules expressed in pancreatic islets and neuroendocrine cells, such as insulin, GAD (mostly the 65-kDa isoform), and the tyrosine phosphatase-like protein IA-2 (10-13). Hence, lack or loss of tolerance to these molecules may be crucial for the development of islet autoimmunity and IDDM.
Because proteins with tissue-restricted or peripheral expression are thought to be unavailable for presentation in the thymus, tolerance to such proteins can theoretically be achieved only through peripheral tolerance (14) . However, recent evidence suggests that peripheral molecules may also be expressed in the thymus through the autonomous, "ectopic" transcription/translation of the corresponding genes. We reported that insulin, GAD, and IA-2 genes are transcribed in human thymus throughout fetal life and childhood (15) . Insulin message in human thymus was also reported by others (16, 17) ; insulin, glucagon, and GAD transcripts were also detected in mouse and rat thymus (18, 19) . Overall, transcripts for several selfmolecules have been detected in thymus, including pancreatic and thyroid hormones, neuroendocrine molecules, and other peripheral proteins (20, 21) . Thymus transplants in transgenic mice provided functional evidence that thymic expression of self-antigens is crucial for the development of self-tolerance (21) .
Little is known about the cells expressing insulin and other self-antigens in human thymus. More insight into the phenotype and function of these cells is necessary to better characterize the relevance of thymic self-antigen expression for self-tolerance and autoimmune diseases. We therefore investigated the existence, abundance, tissue distribution, and phenotype of the thymic cells that express self-antigens. We studied insulin, GAD, and IA-2 because we found their genes transcribed in human thymus (15) and because these molecules are representative of both pancreatic hormones and neuroendocrine molecules and are target autoantigens in a common autoimmune disease.
Methods
Tissues. We studied thymus, spleen, lymph nodes, pancreas (positive control), and lung (negative control) human specimens. The University of Miami Tissue Bank provided fetal and neonatal tissues. Thymus from children and adolescents undergoing cardiovascular surgery (portions of the thymus must be removed during surgery) were provided by B.F. Haynes (Duke University, Durham, North Carolina, USA). Tissues from adult autoptic cases (pancreas, spleen, lymph nodes, and occasionally thymus) were provided by the Cell Transplant Center, Diabetes Research Institute, University of Miami. Tissues were obtained with the approval of the Institutional Review Boards of the University of Miami and Duke University. Thirty-nine cases were selected on the basis of availability and quality of frozen tissue blocks: 17 cases were fetal and 22 postnatal (age range: 20 weeks of gestation to 63 years old; 23 males and 16 females) from diverse racial groups (16 Caucasians, 13 African-Americans, nine Hispanics; and race undetermined for case 1083). Age, race, and sex are shown in Table 1 .
Immunohistochemistry and immunofluorescence. Frozen sections (5 µm) were thawed and routinely fixed in 20% buffered formalin, but other fixatives were used as well (Bouin's solution, acetone, air-drying). For immunohistochemistry, sections were stained using the streptavidin-biotin-peroxidase method and aminoethyl carbazole (AEC, red) as substrate for the horseradish peroxidase enzyme (Zymed Laboratories Inc., South San Francisco, California, USA). For double immunofluorescence, incubation with the primary antibody was followed by incubation with a secondary antibody appropriate for the species and immunoglobulin class of the primary antibody, conjugated with either tetramethyl-rhodamine isothiocyanate (TRITC) or FITC. An Alexa-568-conjugate (Molecular Probes Inc., Eugene, Oregon, USA) was occasionally used instead of the TRITC-conjugate (see legend to Figure 2 ). All direct conjugate primary antibodies were FITC conjugates. Slides were treated with Alexa-488 and anti-fade reagents (Molecular Probes Inc.), mounted with a coverslip, and examined with an inverted fluorescence microscope (Leica DM IRB; Leica, Weitzlar, Germany). The microscope was equipped with two highly selective band pass filters specific for TRITC/Alexa-568 (N3, excitation 546 ± 12 nm, emission 600 ± 40 nm) or FITC (L5, excitation 480 ± 40 nm, emission 527 ± 30 nm), plus a tripleband pass filter that allows both TRITC/Alexa-568 and FITC fluorescence to become visible (61000V2; FITC excitation 484.5 ± 1.5 nm, FITC emission 518.5 ± 1.5 nm, TRITC excitation 555.1 ± 1.5 nm, TRITC emission 602 ± 1.5 nm; Chroma Technologies, Brattleboro, Vermont, USA). Double-stained cells show both orange and green fluorescence and more often variable gradations of yellow fluorescence resulting from the combination of the orange and green fluorescence when using the tripleband pass filter. Individual marker staining can be also observed and assigned to the same cell using the selective band pass ) and an anti-insulin monoclonal recognizing both insulin and proinsulin (clone K36aC10; Sigma-Aldrich, St. Louis, Missouri, USA). IA-2 (ICA512): we used two rabbit sera raised to the intracellular (serum 8959, aa 601-979) and extracellular portions (serum 9218H, aa 389-576) of the molecule (22) . GAD: We used a rabbit antibody recognizing both GAD65 and GAD67 isoforms (lot nos. 19040059 and 18080605; Chemicon International, Temecula, California, USA) and a mouse antibody against GAD65 (clone GAD6; Boehringer Mannheim, Indianapolis, Indiana, USA). AIRE staining was performed using a rabbit serum (no. 845) developed in our laboratory. Staining specificity was validated by blocking with the peptide used to raise the serum. Several FITC conjugates were used to stain for CD markers: CD83 (clone HB15A; Beckman Coulter Inc., Fullerton, California, USA), CD11c (clone 3.9; Calbiochem, San Diego, California, USA), CD40 ( (Promega Corp., Madison, Wisconsin, USA) was combined with proinsulin staining detected with a secondary TRITC-conjugate. A peroxidase-based TUNEL assay (TdT-Fragel; AEC substrate; Oncogene Research Products, Boston, Massachusetts, USA) was coupled with proinsulin staining detected with alkaline phosphatase and AP-Orange as substrate (Zymed Laboratories Inc.). Endogenous alkaline phosphatase activity was inhibited adding 1 mM levamisole to the substrate solution. Controls for the TUNEL staining included sections treated with DNAse (positive control) and omission of the TdT enzyme (negative control).
mRNA expression studies. The expression of specific mRNAs for insulin, GAD, and IA-2 was assessed as described previously (15) . After total RNA isolation cDNA was reverse transcribed and then subject to PCR amplification (RT-PCR). All reactions were run for 35 cycles, and products were visualized on ethidium-bromide stained 2% agarose gels. Primers for the insulin mRNA (437 bp) were GAA GAG GCC ATC AAG CAG ATC ACT G (forward) and GTT CAA GGG CTT TAT TCC ATC TCT C (reverse). These primers do not amplify genomic DNA, as the forward primer spans across the first intron. The same technique was used to amplify mRNA for GAD65, GAD67, and IA-2, and β-actin (15). Genomic DNA or PCR contamination was excluded by running reactions without RT or template.
Sequencing of PCR products. PCR products were cloned (TA Cloning Vector; Invitrogen Corp., San Diego, California, USA) and sequenced (both strands) with an automated sequencer.
Results

Self-antigen-expressing cells exist in the human thymus.
Frozen thymus sections were stained using several antibodies against proinsulin/insulin, GAD (65-and 67-kDa isoforms), and IA-2. Figure 1 , a-g, shows sparse cells staining positive for proinsulin (two of the three antibodies used were specific for proinsulin, and the third antibody could recognize both insulin and proinsulin). The sections shown are representative of several cases studied ranging in age from 20 weeks of gestation to 56 years ( Table 1 ). The eldest specimens evaluated were from 32-and 56-year-old subjects and also con-
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The tained proinsulin-positive cells (Figure 1, f and g ). This observation is consistent with the demonstration that the thymus is still active in adults, although producing fewer T cells (23) . No staining was observed in lung sections, omitting the primary antibody in both thymus and pancreatic sections (data not shown), or using an isotype-matched control antibody (Figure 1j ). Pancreas sections were intensely stained in a typical pattern (data not shown). Occasionally, self-antigen-expressing cells would concentrate in a small area (Figure 1a) , whereas in most cases, they would distribute sparsely within the medulla or at the corticomedullary junction. Rosettes consisting of thymocytes surrounding proinsulin-positive cells were frequently seen (Figure 1, b, d , and e). Cells with similar appearance, abundance, and distribution were stained with antibodies to GAD65/67 and IA-2 ( Figure 1, h and i) .
Phenotypic analysis of self-antigen-expressing cells in human thymus. We used double-immunofluorescence to directly colocalize the expression of proinsulin, GAD, and IA-2 with known markers that would help define the phenotype of self-antigen-expressing cells. Thymic cells expressing proinsulin, GAD, and IA-2 also expressed CD83, CD11c, CD40, CD14, CD80, CD86, CD8α, and HLA-class II. Figure 2 shows colocalization of proinsulin with CD83, CD11c, and CD14. Among APCs, DCs express CD83, CD11c, and CD40, whereas macrophages express CD14. We were unable to colocalize any of the islet antigens studied with cytokeratin using the AE3 antibody (data not shown), a marker of epithelial cells. Thus, thymic epithelial cells do not appear to express the islet cell antigens studied. Moreover, we were unable to observe colocalization of proinsulin with the autoimmune regulator protein (AIRE) (Figure 2 ), a recently discovered transcription factor that is thought to function as an "autoimmune regulator" and is reportedly expressed in thymic epithelial cells and a DC subset (24) . In addition, AIRE-positive cells appear larger and morphologically distinct from self-antigen-expressing cells (24) .
Self-antigen-expressing cells exist in peripheral lymphoid organs. In contrast to thymic epithelial cells, DCs and macrophages are also present in peripheral lymphoid organs. Because thymic cells expressing self-antigens comprise both DCs and macrophages, we hypothesized that similar cells may exist in peripheral lymphoid organs. We first investigated whether mRNA for insulin and other autoantigens could be detected in spleen and lymph node specimens by RT-PCR. We detected insulin mRNA in 16 of 24 and three of six spleen and lymph node specimens tested (Figure 3 ), as well as GAD and IA-2 transcripts (data not shown). Cells expressing proinsulin, GAD, and IA-2 were also detected in both spleen and lymph nodes by immunohistochemistry ( Figure 3) . The morphology and the sparse distribution observed in the thymus were also noted in peripheral lymphoid organs. Self-antigen-expressing cells were observed in red pulp areas, often surrounding the white pulp areas (Figure 3a) . Both the distribution pattern and the lack of colocalization with CD19 and CD20 (data not shown) suggest that self-antigen-expressing cells do not comprise B-lymphocytes. Self-antigen-expressing cells were often found in the center of rosettes also in peripheral lymphoid organs (Figure 3, b and c) .
Phenotypic analysis of self-antigen-expressing cells in peripheral lymphoid organs.
We investigated whether self-antigen-expressing cells in peripheral lymphoid organs correspond to those in thymus using double-immunofluorescence to analyze the expression of proinsulin, GAD, and IA-2 and several phenotypic markers. Self-antigen-expressing cells from spleen expressed the same phenotypic markers expressed by thymic selfantigen-expressing cells including CD83, CD11c, CD40, CD80, CD86, CD14, CD8α, and HLA-class II (Figure 4) . Thus, self-antigen-expressing cells belong to the DC and macrophage lineages both in thymus and peripheral lymphoid organs.
Self-antigen-expressing cells can express multiple self-antigens. We used double-immunofluorescence to directly assess whether self-antigen-expressing cells can express multiple selfantigens. Thymus and spleen sections were simultaneously stained for proinsulin and GAD, IA-2 and GAD, or proinsulin and IA-2 using primary antibodies from different species. The majority of self-antigen-expressing cells were found to be positive for the two antigens for which they were stained ( Figure  5 ), suggesting that self-antigen-expressing cells can express multiple self-antigens. Although it is difficult to estimate the overall abundance of self-antigen-expressing cells by immunostaining, and we noted interspecimen variation, it is possible that 1-3% of thymic cells may express islet cell antigens. These cells appear more numerous in the spleen than in thymus.
Self-antigen-expressing cells and apoptosis. The predominant localization within the thymic medulla, the formation of rosettes, and the functional studies reported in the mouse (21) strongly suggest that self-antigen-expressing cells may participate in thymic negative selection and mediate tolerogenic signals, some of which may culminate in the apoptotic death of autoreactive lymphocytes. To investigate this possibility, we performed double-staining experiments in which frozen thymus and spleen sections were stained for proinsulin and for the TUNEL reaction, a marker of apoptosis. Proinsulinpositive cells were demonstrated in the center of rosettes in which the surrounding cells were clearly apoptotic, both in thymus and spleen ( Figure 6 ). Although ischemia may contribute to some of the apoptosis observed in autoptic tissues (Figure 6c 
Figure 4
Self-antigen-expressing cell phenotypes in spleen. Top to bottom: double-staining for GAD65/67-CD83, IA-2-CD40, IA-2-HLA-class II (case 1089; ∼×100; not all cells are double-stained).
Discussion
We present evidence that the human thymus contains APCs expressing self-antigens known to have tissuerestricted or peripheral expression. We also demonstrate the existence of these cells in peripheral lymphoid organs such as spleen and lymph nodes. These findings and the demonstration that the genes coding for the self-molecules studied here are transcribed in both thymus (15) and peripheral lymphoid organs support the notion that these self-molecules are directly produced and not captured by self-antigen-expressing cells. Both their predominant localization within the thymic medulla and the formation of rosettes are typical of DCs and to a lesser extent of macrophages (7). Our phenotypic analysis shows that self-antigen-expressing cells express typical markers of APCs such as DCs and macrophages, including CD83, CD11c, CD14, CD40, CD80, CD86, CD8α, and HLA-class II, and therefore could be better termed self-antigen-presenting cells. The majority, but not all, of the cells expressing markers of APCs (CD83, CD11c, CD14, CD40, etc.) expressed proinsulin, GAD, or IA-2. Figure 2 shows a CD83-positive cell that does not express proinsulin, Figure 4 (bottom panels) shows a cell that expresses HLA-class II but not IA-2. Many of the cells that did not stain for the self-antigens studied expressed those markers that are not exclusively expressed by APCs, such as HLA-class II and CD8α. Our findings are in agreement with studies reporting cells expressing insulin and other pancreatic molecules in the mouse thymus that had typical features of DCs and macrophages and were termed peripheral antigen-expressing cells (21, 25, 26) . However, we did not observe the exclusive expression of insulin in DCs reported in the mouse thymus (26) . The rosettes observed in thymus and peripheral lymphoid organs appear to consist of lymphocytes interdigitating with a DC and may represent the microenvironment where self-reactive lymphocytes are deleted (7) . Considering that negative selection is classically compartmentalized in the thymic medulla and is mostly mediated by DCs (2), our findings showing expression of CD83 and CD11c suggest that self-antigen-presenting cells include a population of DCs that may be involved in the clonal deletion of self-reactive lymphocytes. The observation, in both thymus and spleen, of rosettes consisting of proinsulin-positive cells surrounded and in intimate contact with apoptotic cells provides morphological, albeit circumstantial, evidence that self-antigen-presenting cells may induce apoptosis of autoreactive T cells. This is consistent with reports that regulatory DCs kill T-cells by inducing apoptosis (3) and that T-cell apoptosis also takes place in the spleen (4, 27, 28) .
In addition to myeloid DCs, known to be potent stimulators of the immune response, studies in mice suggest the existence of a subset of lymphoid DCs with tolerogenic function (8) . The self-antigen-expressing DCs reported here expressed markers of mature myeloid DCs (CD83, CD11c) and CD8α, a marker of lymphoid DCs in the mouse. This is consistent with the postulated tolerogenic function and lymphoid tissue distribution, although the association of CD8α with an exclusively tolerogenic phenotype is not reported by all studies (8) . In the mouse, CD8α-positive and -negative DCs can arise from a common myeloid progenitor, suggesting that CD8α may mark differences in function and maturation status rather then ontogeny (29) . Unlike mouse DCs, however, human DCs have not been shown to express CD8α, and thus the CD8α-positive cells could also be T cells or cells of unknown lineage. At present, no single marker other than the selfantigens expression can distinguish DCs presenting self-antigens from stimulatory DCs. More research could define markers that individually or in combination identify tolerogenic DCs (30) (31) (32) .
We found no evidence for the expression of islet cell antigens in thymic epithelial cells, as we were unable to demonstrate colocalization of the self-antigens tested with cytokeratin and AIRE. The lack of expression of AIRE also suggests that self-antigen-presenting cells differ from those DCs that express this "autoimmune regulator" molecule (24) . However, our study does not exclude the possibility that thymic epithelial cells may express other peripheral self-antigens. Expression studies in sorted or otherwise purified thymic cell populations indicate that at least some peripheral self-antigens may be expressed in cells of epithelial lineage in the human thymus (17) , and mouse thymic epithelial cells express proteolipid protein (33), a key autoantigen in multiple sclerosis.
The presence of self-antigen-presenting cells in lymphoid organs throughout the human life span, their association with apoptotic phenomena, and the functional evidence implicating these cells with tolerance in transgenic mice (21, 25) are all consistent with the notion that self-antigen expression by this subset of cells plays a key role in establishing and maintaining self-tolerance throughout life. It may appear paradoxical that IDDM or other autoimmune diseases would develop if tolerogenic cells expressing self-antigens are dispersed throughout the immune system. A plausible and currently untested hypothesis is that patients fail to express insulin and other islet cell antigens in their thymus. We could not test this hypothesis owing to the lack of tissues from patients, but this explanation seems unlikely because insulin is present in the thymus of nonobese diabetic (NOD) mice (A. Pugliese, unpublished observation; and ref. 34) . It is also possible that a generic defect in antigen presentation may characterize patients with IDDM, as reduced numbers and less functionally competent DCs are reported in their peripheral blood (35) . However, it is unclear whether this defect would apply to the population of DCs described here.
On the other hand, there is growing evidence that genetic polymorphisms and other regulatory mechanisms affecting self-antigen expression may influence the tolerogenic function of self-antigen-presenting cells in an antigen-specific manner. In the case of proinsulin, higher insulin mRNA levels in the thymus are associated with protection from IDDM and are genetically determined by the presence of protective variants of a polymorphic minisatellite controlling the steadystate transcription rates of the insulin gene (15, 16) . In addition, transgenic expression of increased levels of proinsulin in the thymus (in HLA-class II-positive cells) of NOD mice is sufficient to prevent diabetes (34) , and a transgenic model of myasthenia gravis shows that increased thymic levels of the acetylcholine receptor autoantigen prevents disease development (36) . In contrast, parent-of-origin effects at the insulin minisatellite locus impair insulin gene expression in thymus (15, 16) and spleen (37) by completely silencing one of the parental copies of the gene. Moreover, a mutation in the transcription factor Foxp3 causes IDDM and other autoimmune diseases in the X-linked autoimmunity-allergic disregulation syndrome, and it has been hypothesized that Foxp3 may regulate the expression of autoantigens by APCs in the thymus (38, 39) . All of these observations support the notion that levels of antigen expression in the thymus play a key role in modulating thymic selection (2, 3, (40) (41) (42) . In addition, alternative splicing determines different IA-2 expression patterns in pancreas and lymphoid organs and may influence tolerance to IA-2 epitopes that are frequently targeted by autoimmune responses (43) . Alternative splicing also diversifies thymus and brain
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The expression of the proteolipid protein autoantigen in a model of multiple sclerosis (33) . Altogether, these observations suggest that both thymic expression of peripheral proteins and qualitative and quantitative differences in their expression may significantly influence the development of self-tolerance and the risk of autoimmune disease (15, 16, 21, 34, 36) . The findings reported here, assigning the expression of islet cell antigens to apparently tolerogenic self-antigen-presenting cells, provide additional support for the hypothesis just presented and yield insight into cells that may be involved in the development and maintenance of self-tolerance throughout life. Further characterization of self-antigen expression by self-antigen-presenting cells may improve our understanding of the mechanisms underlying autoimmune diseases and may help in developing specific preventive/therapeutic strategies. Some of these strategies may potentially involve self-antigen-presenting cells as an infusion of autologous tolerogenic cells. Of note, DCs have been used to prevent or modulate diabetes in NOD mice (44) (45) (46) . The existence of self-antigen-expressing cells in different organs of the immune system suggests that there is potential for isolating self-antigen-presenting cells from peripheral blood for preventive and therapeutic applications. Self-antigen-expressing cells could find application not only in autoimmunity but also in transplantation, as one of the problems hampering the success of islet transplantation is the recurrence of autoimmunity against the graft (47, 48) . Further studies to understand the role of self-antigen-presenting cells in the regulation of self-tolerance and to explore their potential for preventing and treating autoimmune disease may have clinical significance.
